Abstract Passive systems with constructed wetlands have been consistently used to treat mine water from abandoned mines. Long-term and cost-effective remediation is a crucial expectation for these water treatment facilities. To achieve that, a complex chain of physical, chemical, biological, and mineralogical mechanisms for pollutants removal must be designed to simulate natural attenuation processes. This paper aims to present geochemical and mineralogical data obtained in a recently constructed passive system (from an abandoned mine, Jales, Northern Portugal). It shows the role of different solid materials in the retention of metals and arsenic, observed during the start-up period of the treatment plant. The mineralogical study focused on two types of materials:
Introduction
Mine water emerging from abandoned metallic mines may be a significant and prolonged focus of environmental impact on mining regions. Degradation of receiving watercourses arises from the discharge of highly contaminant effluents. These are generically named acid mine drainage (AMD), although, in some cases, they may have circum-neutral pH at discharging point (Johnson and Hallberg 2003) . Nevertheless, such designation is used since contamination results, primarily, from minerals such as sulphides that typically produce acidity upon dissolution.
The longevity of the environmental degradation must be considered when evaluating remediation strategies for mine water discharge from abandoned mines (Younger 1997) . Worldwide, the best compromise between legal compliance and water treatment costs has been the use of passive systems such as limestone channels and wetlands. Examples of passive systems for mine water treatment can be found in Skousen et al. (1998) , Jarvis and Younger (2001) , Batty and Younger (2004) , Sheoran and Sheoran (2006) and Nyquist and Greger (2009) . Remediation in passive mine water treatment facilities is accomplished through a complex chain of interactive reactions that include physical, biological and chemical mechanisms. Physical removal of contaminants occurs by sedimentation of suspended solids, favoured by conditions of low flow velocities and laminar regimen (DeBusk and Debusk 2001) . Uptake by aquatic macroscopic plants, such as Typha species, is probably the most recognized biological metal removal process. Details on macrophytes, particularly selection of adequate species for mine water treatment, removal rates and bioaccumulation properties are available in the works by Batty and Younger (2002) , Kamal et al. (2004) and Sheoran and Sheoran (2006) .
As for the chemical processes, sorption, herein generically defined as the result of mass transfer between a solution and a contiguous solid phase (Appelo and Postma 1994; Bradl 2004) , is widely referred. Nevertheless, limited data are available on the actual mechanisms that may be running within passive facilities. Sorption involves especially two types of relevant environmental minerals (Valsami-Jones 2000) . Both have high surface areas and strong ability to immobilize metals and metalloids: clay minerals and iron-oxyhydroxides. The first come commonly incorporated in the soil material of the wetlands, while the second precipitates upon oxidation, often as waste products from neutralizing pre-treatments.
Mineral precipitation is also a key process governing remediation in wetlands. In fact, depending on design criteria and system layout, the newly formed oxyhydroxides, but also iron and aluminium oxides and iron sulphides, can provide long-term metals retention (DeBusk and DeBusk 2001; Valente and Leal Gomes, 2009) . This paper deals with the geochemical and mineralogical processes that were found to control metallic remediation in a passive system comprising inorganic (oxidation and neutralization channel) and biological (two wetlands) cells. The facility under study was implemented in 2006 to treat the mine water from the abandoned mining site of Jales, Northern Portugal (Jales mine water treatment plant).
Regarding the initial treatment steps (oxidation and neutralization), this work focuses on the resulting iron-rich waste products that were generically named ochre-precipitates. As far as wetlands are concerned, special attention was provided to the finest textural fractions of the soil (clay and silt fractions), which include particles that display enhanced adsorption properties (Bradl 2004 ).
Methods

Site description
The Jales treatment plant was part of the rehabilitation project planned for the abandoned mining site of Jales (EDM 2006) . This site is located near Vila Pouca de Aguiar, North Portugal (Fig. 1a) ; it has been exploited since Roman times and is a relatively sulphide-rich deposit. In modern times it was mined for gold and silver between 1933 and 1992 (Rosa and Romberger 1997) .
The passive system was built to collect and treat the drainage that flows from an old adit into the nearby watercourse (Peliteira creek) (Fig. 1b, c) and was fully operating at the end of the summer of 2006.
The mine water to be treated can be generically described as an acid (pH \ 4.5) and sulphate-rich solution. Metals, especially iron, manganese and zinc as well as the metalloid arsenic were the pollutants of most concern. General properties of the untreated mine water are described in the reference works by Pedrosa et al. (1998) and Loureiro (2007) .
The treatment system includes a biological unit process composed by two wetlands, planted with Typha, and a pretreatment unit devoted to chemical processes, especially oxidation and neutralization (Fig. 1c) . This initial inorganic stage comprises a reception basin (the bottom of which is filled with limestone), a cascade aeration facility and a limestone channel. In conjunction, they promote oxygenation, pH rise and subsequent precipitation of metals as a ferric hydroxide sludge. In that way, the first wetland will receive a pre-treated effluent that is already net alkaline (pH [ 6.5).
Sampling
Ochre-precipitates were taken from the limestone channel (Fig. 1c) in three sampling campaigns carried out in April and August 2007 and February 2008. The samples were collected at the water surface and stored in plastic bags, protected from the light. Simultaneously, water samples were collected at the same site.
With the purpose of characterizing the soil constituents, the sampling campaigns from April 2007 (representing Spring conditions) and February 2008 (representing Winter conditions) included the collection of cores (18 cm depth) from different locations within the two wetlands (wetland 1: B1S1, B1S2, B1S3; wetland 2: B2S1, B2S2, B2S3, B2S4; Fig. 1c ). It was also considered a sampling site in the receiving watercourse, in order to characterize the sediment stream, close to the discharging of the treated effluent (SR; Fig. 1c ).
Sampling sites for ochre-precipitates, water, soil and sediment stream are represented in Fig. 1c . In the campaign of 2008, the number of sampling sites within the wetlands was reduced, taking into account the mineralogical homogeneity that was detected in the first campaign.
Analytical methods for the ochre-precipitates Samples were air-dried at room temperature, sieved to \63 lm and analyzed for color (using Munsell color system), mineralogy, and chemical composition.
Mineralogical analyses included X-ray powder diffraction (XRD) and scanning electron microscopy (SEM).
XRD were performed with a Philips PW1710 diffractometer, using Cu-Ka radiation at 40 kV and 30 mA. The diffractometer is provided with automatic divergence slit and graphite monochromator. The data obtained were treated with X'pert Pro-MPD software. Preparation procedures and the appropriated XRD conditions for these kinds of samples, in particular dealing with very low crystallinity materials, are described in Valente and Leal Gomes (2009) .
Morphological and compositional aspects were analyzed by SEM (on carbon or gold-coated samples) with a LEICA S360 microscope, combined with an energy dispersive system (SEM-EDS), using X-rays and standard ZAF corrections that allow information on the elemental composition of the samples. Samples were submitted to artificial heating in a muffle furnace at temperatures between 350 and 950°C, following the procedure described by Brindley and Brown (1980) . XRD and SEM data were also collected on the heated material, in order to analyze mineralogical changes yielded by thermal transformations. This led to an identification of possible end members for poorly ordered or amorphous precipitates.
For chemical analysis, samples were submitted to an extraction with Aqua Regia, leach procedure which uses a combination of concentrated hydrochloric and nitric acids (Csuros and Csuros 2002) and analyzed by inductively coupled plasma-optical emission spectrometry (ICP/OES). These analyses were performed at Activation Laboratory, Lda (Actlabs, Canada), including analysis of duplicate samples and blanks to check precision, whereas accuracy was obtained by using certified standards (GXR series).
Analytical methods for the soil and sediment samples Mineralogical studies were carried out by XRD using the same diffractometer described for ochre-precipitates, operated with a 2-theta step size of 0.028 and a counting time of 1.25 s.
The XRD diffractograms were obtained from powders (bulk sample) and from oriented aggregates (\20 and \2 lm fractions). These last were subjected to the following treatments: air-dried, ethylene glycol (EG)-solvated and heated (490°C). Regarding the estimations of mineral phases in the bulk sample, the following peakheight intensities for diagnostic reflections were used: quartz (3.34 Å ); mica (10 Å ); K-feldspar (3.24 Å ); plagioclase (3.18-3.20 Å ); goethite (4.18-4.20 Å ), and clay minerals (4.43-4.49 Å ). Estimation of clay minerals was deduced from the diagnostic peaks related to their firstorder basal reflections at air-dried conditions or after EG solvation.
Chemical contents of metals (Fe, As, Ba, Co, Mn, and Zn) were obtained by instrumental neutron activation analysis (INAA). Two multi-element reference materials were used, namely, soils GSS-4 and GSS-5 from the Institute of Geophysical and Geochemical Prospecting (IGGE). The reference values were taken from data tabulated (Govindaraju 1994) . More details about the analytical method were published elsewhere (Gouveia and Prudêncio 2000) . Loss on ignition (LOI) was analyzed following the procedure described by Brindley and Brown (1980) .
Analytical methods for the water samples
The pH, electric conductivity (EC), oxidation-reduction potential (ORP) and temperature of the water were measured in the field with a multi-parameter meter (Orion 5 Star). Sulphate was measured by turbidimetry and total alkalinity measured by volumetric determination (standard methods for water analysis reference 4500E and 2320B, respectively). Inductively coupled plasma optical emission spectrometry (ICP-OES) was used for metals, preceded by sample filtration through 0.45 lm pore-diameter cellulose ester membrane filters and acidification with HNO 3 65% suprapur Merck.
Results and discussion
Ochre precipitates
The ochre-precipitates confer strong visual impact as the water emerges from the reception basin, being especially visible in the initial inorganic units. They occur as thick films over the concrete steps in the cascade aeration, as coatings on the limestone gravel as well as thick flowing layers at the water-air interface along the limestone channel. Macroscopically, they behave as fluffy accumulations of light yellow sludge, which presents uniform reference in the Munsell system (strong brown, 7.5YR 5/8, dry measured). The visual attributes are homogeneous as the water emerges from the reception basin until the end of the channel.
Mineralogical properties and thermal transformations
The XRD patterns of the collected samples consist of broad bands, low-intensity and not very well defined peaks ( Fig. 2a) , which are typical of poorly crystalline material, such as ferrihydrite (Schwertmann and Cornell 2000) . The stronger band is centred at 2.56 Å , corresponding to the (110) reflection of 6-line ferrihydrite. The XRD-profile in Fig. 2a , also exhibits characteristic poorly resolved reflections at d values at 1.47, 1.73, 1.98 and 2.24 Å . It is known from literature that ferrihydrites with a range of crystallinity can be produced by varying the rate of hydrolysis and the concentration of solutes, like silica and aluminium (Schwertmann and Cornell 2000; Schwertmann et al. 2004) as well as arsenate anions (Gautier et al. 2006; Jia et al. 2006) . In the present case, no significant differences in the crystallinity pattern were observed among the samples collected in the three sampling campaigns. Nevertheless, field circumstances within the plant treatment, related to climatic seasonality, may yield to such varying conditions. In addition, ferrihydrite is metastable and transforms into highly ordered phases, such as goethite over time (e.g., Ford et al. 1997; Murad and Rojík 2005) . Therefore, a set of poorly ordered structures ranging from 2-line ferrihydrite to 6-line ferrihydrite or even to goethite with low crystallinity, are expected to form and deserve further seasonal monitoring.
The effects of artificial heating on ochre-precipitates are presented in Fig. 2b . The XRD data reveal mineralogical changes yielded by thermal dehydration. These experiments show the conversion from the poorly crystalline phase to the ultimate product hematite, as it is exposed by diagnostic well-defined peaks obtained in the heated material at 950°C.
The heating experiments also revealed the appearance of another crystalline compound with a XRD pattern concordant to the iron-arsenate (Fe 3 AsO 7 ; PDF 21-421). It starts to appear at 550°C, showing the poorly resolved reflections at d values at 2.28, 3.23, 3.36 Å (Fig. 2b ). This phase must be the result of dehydration of a hydrous amorphous ferric arsenate mixed with ferrihydrite. Although readily distinguished by XRD on the fired products at 750 and 950°C, it was not possible to observe this synthetic As-compound macroscopically or by binocular microscopy and, therefore, to isolate it for better characterization.
Examination of the ochre-precipitates by SEM shows that they occur as aggregates of small subrounded particles, of less than 0.5 lm in diameter (Fig. 3) . Qualitative EDS analyses indicate that these poorly developed spheres are iron and arsenic-rich, with other elements, such as Ca, Si and Cu (Fig. 3) .
Regarding the product obtained at 950°C, the images by secondary electrons (SE) and EDS spectra show the euhedral hematite with the distinctly rhombohedral form (Fig. 4a) as well as the well-discriminated arsenic-rich phase (Fig. 4b) . This phase presents well-developed crystals with an elongate and tubular morphology. Some crystals exhibit an approximately hexagonal habit. The crystals seem to be relatively heterogeneous in composition. As, Fe and Ca are always present, but with variable proportions, and some particles also contain Mn, K and Zn.
It is well known from intensive research on the arsenateferrihydrite sorption system that arsenic, in the form of arsenate anion (AsO 4 3-), is efficiently removed from solution by ferrihydrite. Nevertheless, the interaction Paktunc et al. 2004 Paktunc et al. , 2008 . The mineralogical changes detected in the present work suggest that, as it was observed for iron, arsenic may be immobilized through the precipitation of an amorphous hydrous material with a very small particle size. This material was converted to a recognizable crystalline phase upon heating. These results are in accordance with the experiments reported by Jia et al. (2006) and with the observations by Gautier et al. (2006) . The first authors provided mineralogical evidence of surface precipitation of iron arsenate on synthetic ferrihydrite. They proposed that the mechanism involved an initial surface complexation followed by transition to an iron-arsenate phase. The second authors suggest co-precipitation of As, rather than adsorption, to explain transformation of natural As-rich ferrihydrite downstream of a remediated mining site. various Fe/As molar ratios in the pH range 1-4.5. In the present work, the obtained results indicate that arsenic may be scavenging by an arsenic-rich compound, freshly formed in the first stages of the water treatment, in accordance with the XRD results provided by the latest authors. In this case, the heating of the ochre-precipitate behaved like the laboratory aging test performed by Jia and Demopoulos (2008) on solids precipitated from As(V)-Fe(III) solutions. Both experiments forced the evolution of an amorphous phase to an XRD-and SEM-recognizable crystalline form.
Chemical composition and partitioning of trace elements Table 1 presents the composition of the ochre-precipitates and of the water from which they precipitate. Chemical analyses confirm that Fe (30.5%) and As (*5%) are major components of the precipitates. Zn, Mn, Cu and Pb are significant trace metals, occurring with concentrations up to six orders of magnitude higher than those measured in the water at the same location. Some trace elements such as Pb and Cu, although depleted in the water, occur with relevant quantities in the solid; especially, V is below detection limit in the water.
The enrichment of the precipitates concerning As and trace metals was estimated according to the formulation by Munk et al. (2002) , by calculating the ratio between the concentration of the elements in the solid (Xpp) and the concentration in the water (Xaq) (Eq. 1).
This concentration factor (ConcFactor) was used to analyze the affinities of the elements for the ochreprecipitates surface, but it does not intend to represent an equilibrium distribution coefficient (Kd). As it was stated by Munk et al. (2002) and Kairies et al. (2005) this parameter should be thought of as an enrichment factor and not as an equilibrium constant since equilibrium cannot be assumed between the water and the precipitate. Besides, transport in flowing water may occur. Figure 5 shows the ConcFactor at the sampling station CF (see Fig. 1c ). For Vanadium, which is below detection limit in water, such limit was assumed to be the maximum concentration of this element.
As it was already suggested by looking at solid and water chemistry (Table 1) , ConcFactor confirms the strong affinity of certain elements for ochre-precipitates. The higher numerical value of log ConcFactor was obtained for Pb. The partitioning of trace elements between the precipitates and the associated water suggests the following trend of affinities for some significant toxic elements:
There are no universal rules for metal selectivity between solid surfaces and water as it depends on numerous factors (Bradl 2004) . Nevertheless, these results are in agreement with the sequence reported in literature for the Kd sorption values on fresh precipitates of hydrous ferric oxide (Dzombak and Morel 1990; Munk et al. (2002) . Mn shows the lowest ConcFactor, but the difficulty of removing Mn from mine waters due to its high solubility over a wide pH range is well documented (Hedin et al. 1994; Stumm and Morgan 1996) . Its chemical oxidation is kinetically slow, being necessary that Fe has been removed (Bamforth et al. 2006) . Furthermore, Batty et al. (2008) observed significant Mn removal in a wetland system, but it was clear that iron needs to be removed first. Therefore, further research concerning the parameters controlling metal distribution in this system will be necessary, namely, the influence of pH, Eh, and co-ions in solution.
Constituents of the wetlands soil and sediments
Mineralogical composition by XRD
Mineral abundance data (estimation of mineral quantities by XRD) are given in Tables 2, 3 The bulk mineralogy comprises quartz, K-feldspar, plagioclase, mica, clay minerals, and iron-oxyhydroxides (Table 2 ). Quartz and mica are abundant minerals, while the average percentage of clay minerals and goethite is very low (B2%).
In the \20 and \2 lm fractions (Tables 3, 4) , chlorite, illite, chlorite-vermiculite and mica-vermiculite mixedlayers, vermiculite, kaolinite, smectite, and goethite were identified. There are no systematic differences in the mineralogical composition of those finest textural fractions, not even for the stream sediment (SR sample). However, kaolinite and vermiculite are more abundant in the \2 lm fraction. Small amounts of chlorite (B4%) are present in 15 out of 20 wetland samples, but its amount increases (5-7%) in the stream sediment in the 2008 campaign. The average percentage (42%) is very different for mica (\20 lm fraction) (Table 3) , whereas for illite (\2 lm fraction) (Table 4) , the mean value is 19%. Smectite (9%) as well as chlorite-vermiculite mixed-layer (15%) are rare as they were only detected, separately, in one sample (Table 4) . Two samples (B1S1 and B2S2) from both campaigns were selected to illustrate the XRD patterns from random preparations and oriented aggregates of the \2 lm fraction (Figs. 6, 7) . The reflections centered at 7.20-7.25 Å and 3.58-3.59 Å show the presence of kaolinite, whereas the peaks at 10 and *5 Å are indicative of illite. Smectite was identified by a basal spacing centered at 14 Å in air-dried conditions with the basal spacing expanding to 16.7 Å in Table 3 Campaigns Samples \2 lm fraction (%) EG-solvated conditions and collapsing to 10 Å after heating at 490°C (Fig. 6) . Moreover, the non-oriented XRD pattern of the \2 lm fraction shows the d 060 values at 1.50 Å , indicating its dioctahedral character. The d 001 of 14.2 Å (Fig. 6 ) and 14.5 Å (Fig. 7) that retain the same spacing with EG-solvation and collapse to 10 Å in heating conditions may indicate the presence of vermiculite. The 003 (4.74-4.76 Å ) and 004 (3.53-3.54 Å ) peaks (Figs. 6, 7) are characteristics of chlorite XRD patterns. The d 060 value at 1.538 Å indicates the trioctahedral character of the vermiculite and chlorite. The broad 00l reflections with asymmetry in the high angle side suggest a low degree of order for these soil clay minerals. A broad shoulder between about 8.882h and 4.182h suggests the presence of a mixed-layer (Velde 1992; Moore and Reynolds 1997; Reynolds 1980) . A small superstructure peak at 24-25 Å in powder patterns, in some samples, and a peak at 12.2-12.3 Å (Figs. 6, 7 ) in air-dried and EG-solvated state, which collapses for 10 Å after heating at 4908C presupposes a mica-vermiculite mixed-layer with a certain ordering.
Poorly crystallized goethite (Fig. 6, 7) was identified by the weak and broad reflections at 4.18-4.21 Å and 2.69 Å in the \2 lm fraction, in 16 out of 20 samples from wetlands. The presence of this iron-oxyhydroxide confirms the occurrence of ferrihydrite as its precursor phase, as it was mentioned above, since ferrihydrite is the main component of the earliest stages of the ochre-precipitates formation.
Chemical composition
Chemical contents of As, Fe, Mn, Zn, Co and Ba, in the fine fractions of the soils from the two wetlands and the stream sediment (collected downstream the effluent discharging point), are given in Table 5 (see Fig. 1 for sample location). Baseline levels for regional soil and sediment streams are also provided for the \2 mm fraction (Salminen 2005; Ferreira et al. 2001) .
The\20 and\2 lm fractions were selected to represent the silt and clay fractions of the soil. Because of the large surface areas and large surface reactivity of its mineral constituents (mainly clay minerals and iron-oxyhydroxides) these finest fractions are well known to its ability to retain metals. In both campaigns, the highest contents were found for Fe, As, and Mn, in decreasing order, followed in general by Zn, Ba, and Co. Arsenic is the most enriched element in the clay fraction (up to 30%).
The results obtained in 2007 are plotted in Fig. 8 . Iron and arsenic show similar patterns, being enriched in the clay fraction, even in the stream sediment. Zinc also presents the same tendency, but in less extent, except in sample B2S1 in which a significant enrichment was found in the clay fraction. In the creek (SR), similar contents of Zn were found in the two fractions.
In general, Ba is depleted in the clay fraction relative to the \20 lm fraction, suggesting that this element is preferentially in the coarser particles. This behavior was also found in the stream sediment where Ba was not detected in the clay fraction of the sample collected in 2008 (see Fig. 8 and Table 5 ). Figure 8 also shows an association between Mn and Co, both in spatial behavior and grain size distribution: (1) more concentrated in the \20 lm of soils from wetland 1; (2) similar contents in both fractions in wetland 2; and (3) depletion in the clay fraction of the creek sediment. The same distribution was observed in the 2008 campaign, although with lower contents. Therefore, the results indicate a higher retention of Mn and Co in the clay fraction of soils in the second wetland.
Concerning this spatial behavior along the wetlands system (see Fig. 1 ), the trends in the graphs seem to suggest some geochemical fractionation related to physical processes, such as transport of solid matter and sedimentation. The highest levels of Fe and As were obtained around discharging points: B1S1 (discharge from the limestone channel); B2S1 (discharge from wetland 1 to wetland 2) and in the creek (SR). Such distribution may be reflecting the current flow paths into the wetlands as ironoxyhydroxides flow through and are washed out of the system. This behavior may be related to size and specific gravity of iron-oxyhydroxides. As they easily flow out of the system, sedimentation takes place, especially around the discharging points.
The high contamination levels observed at the creek (SR), especially concerning As, may be reflecting additional phenomena, such as ancient mining contamination, other potential contaminant sources from the mining area, and iron-oxyhydroxide precipitation followed by As adsorption, induced by more oxidizing conditions in the river system.
In general, the chemical contents indicate a lower retention of As and metals in the last campaign (February 2008) . This can be seen in Fig. 9 , which displays the average contents detected in wetland 1, wetland 2 and in the sediment stream at Peliteira creek. It should be noted that in February 2008 sampling was carried out during a strong and prolonged rainy period. Such conditions may be promoting physical dispersion of the finest fraction, especially of the loose iron-oxyhydroxides, as well as desorption of elements, in particular arsenic. In fact, significant decreases of the \2 lm/\20 lm ratios for As and Fe were found in the February 2008 campaign (see Table 5 ). Remobilization of As and metals are than likely to occur during hydrologic instability conditions. This, together with lower retention times of the effluent in the wetlands will affect the system performance and may be responsible for contamination peaks in the receiving watercourse, in winter conditions. These results are in agreement with observations reported in literature for other passive systems that, typically, present significant decrease of the rates of metal removal in the winter months, compared to the summer ones (e.g., Heal and Salt 1999) .
The role of iron-oxyhydroxides and clay minerals in sorption of metals and metalloids in the wetlands
The strong association between Fe and As, as well as between Mn and Co, can be expressed by the Pearson correlation coefficients given in Table 6 . The high correlation coefficient between Fe and As in both fractions, but especially in the \2 lm fraction (r = 0.99), may be reflecting the input into the wetlands of the ochre-precipitates that are formed in the previous stages of the treatment. Therefore, the \2 lm fraction should be highly enriched in iron-oxyhydroxides, able to adsorb As.
These results are in agreement with the knowledge about the retention processes involving As and heavy metals. Several field and laboratory studies have demonstrated that ferrihydrite and goethite are amongst the most important substrates for the sorption of contaminants in soil and the environment media (e.g., Clayton et al. 2005; HudsonEdward et al. 2008) . In the present case, in both wetlands, either in the \20 or \2 lm fractions, goethite with poor crystallinity was the only Fe-rich mineral detected by XRD in the soil samples. As stated by Clayton et al. (2005) and in agreement with the observed strong input of ochre-precipitates from the neutralization stage, this goethite is probably resulted from conversion, over time, of the precursor ferrihydrite.
In comparison with the numerous studies that have investigated As-adsorption on hydrous iron oxides, relatively few studies have focused on the relation between As and clay minerals Goldberg 1996, 1997) . Nevertheless, arsenate adsorption on clay-mineral surfaces appears generally to be weaker than the case for arsenate adsorption to iron-oxide surfaces under typical environmental conditions (Manning and Goldberg 1997) . On the other hand, there are several laboratory works supporting that metals, such as Mn, Co and Zn, are strongly adsorbed by clay minerals (e.g., Bradl 2004 ). The present results, obtained in field conditions, also suggest that clay minerals and micas may play a relevant role adsorbing these metals in the wetlands. Mn and Co (r = 0.98, Table 6 ) are probably more related to the phyllosilicates, such as mica and kaolinite, which are the most abundant minerals in the \20 lm fraction (Table 3) . The low degree of order of clay minerals, as it was stated by the mineralogical study (Figs. 6, 7) , may be enhancing their ability to adsorb these elements.
Comparing with Fe and As, Zn presents a similar behaviour in the sample B2S1 (Fig. 8) , where illite, vermiculite, mica-vermiculite and smectite are also present. Swelling clay minerals can be characterized by highest sorption capacity for these metals, followed by mixed clay structures with swelling components and at last illite (Sipos et al. 2008) .
This Zn enrichment in sample B2S1 may be therefore related to the presence of minerals with higher cationic exchange capacity (CEC), such as smectites, vermiculites and interstratified clays, comparatively with kaolinite and illite. This is supported by the fact that the sample B2S1 \2 lm was the only one in which it was possible to identify smectite. This affinity of smectite for Zn is known from literature (e.g., Citeau et al. 2003) and has been imputed to their small size, high negative charge and consequently high capacity for metal removal. However, the Zn transfer capacity may also be due or enhanced by the presence of organic or Fe-oxyhydroxide coatings at the surface of clays.
Conclusions
This study has collected and analysed data obtained in the field, concerning two types of environmental minerals. These were found to play relevant roles in a passive mine water treatment system: the ochre-precipitates formed by AMD neutralization with limestone and the minerals that compose the clay and silt fractions of the wetlands soil.
Considering the ochre-precipitates, formed during the first stage of water treatment, the results can be summarized in the following items:
(1) They are poorly crystalline materials, with XRD patterns typical of ferrihydrite mixed with amorphous ferric arsenate; (2) Upon heating, initial phases transformed into hematite and into a well-crystalline arsenate, suggesting that arsenic is retained in this first stage as an amorphous ancestor, co-precipitated with the iron-oxyhydroxide; (3) Chemical analyses confirmed that Fe (30.5%) and As (*5%) are major components of the ochre-precipitates; (4) The partitioning of trace elements between the ochreprecipitates and the associated water suggests the following trend of affinities for some significant toxic elements in this neutralization system:
The second stage of the mine water treatment occurs in two constructed wetlands. Here, the mineralogical and chemical study revealed that the ochre-precipitates, together with micas and clay minerals were found to behave selectively, removing metals and arsenic. This can be summarized as follows:
(5) Lower retention of metals and arsenic was detected during strong and prolonged rainy conditions, suggesting a seasonal control on the effectiveness of the passive system to extract pollutants; (6) Transport of solid matter and sedimentation of ochreprecipitates through the wetlands induce a geochemical fractionation, with higher contents around the discharging points; (7) Iron and arsenic have similar trends, being especially associated with iron-oxyhydroxides, such as ferrihydrite or low crystalline goethite; this last may result from ferrihydrite or may be inherited from the original soil; (8) Manganese and cobalt appear concentrated in the \20 lm fraction, suggesting that they are especially immobilized in the surface of micas and clays, mainly kaolinite; (9) Zinc is probably more efficiently removed by swelling clay minerals, such as smectites, vermiculites and interstratified clays, which is confirmed by the higher levels detected in the only sample where smectite was identified.
The above observations indicate that sludge formed during initial steps of the treatment process (ochre-precipitates) may affect the overall performance of the plant, especially when they are leached through the biological cells. Considering that these ochre-precipitates are quantitatively important waste products, their disposal, or perhaps their recovery, must be an issue of concern in the process management of the treatment plant. Nevertheless, the enrichment in metals and, especially in arsenic, strongly affects the environmental properties of the ochreprecipitates and may control the options for reuse or final waste disposal.
